Thermochemical and mechanical properties of tea tree (Melaleuca alternifolia) fibre reinforced tapioca starch composites DOI 10.1515/epoly-2015-0074 Received March 31, 2015 accepted May 19, 2015; previously published online July 17, 2015 Abstract: We aim to utilise the tea tree (Melaleuca alternifolia) fibre, a waste from the distillation process, as a reinforcement or filler in tapioca starch (TS) composites. Fabrication of tea tree fibre-reinforced TS composites was successfully developed using a casting method. The physical, thermo-chemical, and mechanical properties were tested in order to get the characterisation of the composites. From the mechanical test, the addition of 5% (v/v) tea tree fibre as a filler improved the tensile strength of the TS composites up to 34.39% in tea tree leaf-reinforced TS composites (TTL/TS), 82.80% in tea tree branch-reinforced TS composites (TTB/TS) and 203.18% in tea tree trunkreinforced TS composites (TTT/TS). The water absorption and swelling of all tea tree fibre-reinforced composites decreased compared to those of TS composites. Most importantly, all parts of the tea tree waste, namely, the tea tree leaf, tea tree branch and tea tree trunk, have additional potential value as fibres that can act as a reinforcement in developing a green biocomposite.
Introduction
There is a huge demand for biofibres for reinforcement purposes. Their high specific stiffness, flexibility during processing and low cost make them attractive for composites (1) . The main purpose of developing natural fibrereinforced materials is to create alternative composites that can replace the available composites derived from glass fibre, metal, plastic and wood (2) . Various studies related to the development of biocomposites reinforced by natural fibres have been done before using banana, coconut shell, kenaf, rice husk, coir, sugarcane bagasse, roselle, oil palm, sugar palm tree, carbon and coir-sisalblended yarn (3) (4) (5) (6) (7) (8) (9) .
According to Abba et al. (10) , various processing methods and conditions are used for composite production such as compression moulding, injection moulding, extrusion method and thermoforming process. A number of thermoplastic polymer starches have been successfully developed using a simple casting method. For examples, Arismendi et al. (11) produced film from tapioca starch (TS) blended with xantham gum, glycerol and potassium sorbate. Wicaksono et al. (12) developed tapioca film using a casting method reinforced by cellulose nanofibres from cassava baggase. Espinel Villacrés et al. (13) produced TS film with hydroxypropyl methylcellulose, glycerol and also potassium sorbate through a casting technique. Versino and García (14) developed cassava-based film reinforced with its own root fibre using a casting method. Gutierrez et al. (15) produced film from cassava starch and native cush-cush yam.
Melaleuca alternifolia, also commonly known as tea tree, is a tall shrub or a small tree from the genus Melaleuca. It is native to Queensland, stretching to northeast of New South Wales, Australia. Famous for its oil, tea tree has been used in a wide range of products, either as formulated or as pure oil, as a preservative, antiseptic, antibacterial, antifungal and even as an anti-pest agent (16, 17) . Tea tree oil is produced by steam distillation of the leaves, and the yield of the oil is typically 1-2% of the wet weight of the plant (18) . Basically, after distillation, the tea tree leaves are burned or composted (19) . Richard (20) reported that, in Australia, there are companies that dry the residue leaves after distillation and then return them to the plantation as mulch. For that reason, these underutilised fibres are undervalued as they are considered as waste (19) . To the best of our knowledge, there are no reports on the utilisation of tea tree fibres for reinforcement purposes in biocomposites. This paper aims to show the utility of tea tree fibres as reinforcing fillers by making biocomposites using starch as a matrix material.
Materials and methods

Preparation of materials
Throughout this study, tea tree fibres were taken from Sabah Economic Development & Investment Authority (SEDIA)'s tea tree field at the Demonstration Plot located at Mile 30 Kimanis, Papar, Sabah, Malaysia. A chainsaw was used to cut down the tree for easy ground harvesting of the fibres. Harvesting of the fibres was done manually using a slashing knife. Fibres from different parts of the tree such as tea tree leaf (TTL), tea tree branch (TTB) and tea tree trunk (TTT) were extracted. In order to obtain the fibres, every part of the tea tree was cut separately and dried. The fibres themselves remain relatively unchanged during this process. Tapioca starch and glycerol (SigmaAldrich) were supplied by Sri Juta Riang Sdn Bhd (Sabah, Malaysia).
Determination of the chemical composition of tea tree fibre
In order to obtain the chemical composition of the fibres, every part of the tea tree, TTL, TTB, and TTT, was cut into chips and ground to pass a BS 40-mesh sieve and retained on a BS 60-mesh sieve. The fibre samples used for the chemical composition determination in this study were roughly at equilibrium with the moisture of the air. The cellulose content was determined using TAPPI standard methods (T 203 os; TAPPI: Technical Association of the Pulp and Paper Industry). The fibre samples were extracted consecutively with 17.5% and 8.3% sodium hydroxide solutions at 25°C. The soluble fraction, consisting of β-and γ-cellulose, was determined volumetrically by oxidation with potassium dichromate, and the α-cellulose, as an insoluble fraction, was derived by difference. 
Fabrication of the composites
Mechanical properties
Tensile tests were carried out in accordance with ASTM D5083 (1996) (22) using a universal testing machine (AI-7000M, Gotech, Taiwan). The rate of testing used was 5 mm/min. Five samples of size 10 cm (L) × 1 cm (W) × thickness (T) in centimetres were tested for different composite groups.
Thermogravimetric analysis
Thermogravimetric analysis was carried out using a PerkinElmer analyser. Analyses were performed in a temperature range between a room temperature of 30°C and 700°C at a heating rate of 20°C/min in an atmosphere of nitrogen and a flow rate of 20 ml/min. A sample of the materials weighing 10-20 mg of each sample was heated in a sample pan.
Thickness of the composites
The thickness of the composites was determined by using a Mitutoyo micrometer clip. Readings from 10 random positions of the composites were evaluated.
Measurement of the density of the tea tree fibre and its composite
Density was determined by using the following formula:
, where m and V are the mass and volume of the composite, respectively by TTB and TTL, respectively. Plant fibres are composite materials designed by nature. Cellulose is the main structural component that gives strength and stability to plant cell walls and fibres (23, 24) . Most plant fibres consist of cellulose, hemicellulose, lignin, extractives and ash (25) . The results of this chemical composition will determine the mechanical properties of the composites.
Fourier transform infrared spectroscopy
FTIR spectroscopy is one of the most powerful tools used for evaluating the specificity of the functional groups that exist in each morphological region. Figure 1 shows the FTIR spectra for all composites. As can be seen in the figure, the spectra were almost the same for all composites. The peak at 3200-3500 cm -1 indicates the presence of the OH groups. This is due to the hydroxyl groups of cellulose, hemicellulose and lignin (26) . The peak at 2850-3000 cm -1 shows the C-H stretching. The peak at 1600-1800 cm -1 shows the existence of the carbonyl group C = O in the hemicellulose and lignin. The peak at 1475-1600 cm -1 corresponds to the stretching of the aromatic groups present in lignin (27) . The peak at 1000-1300 cm -1 shows the presence of the C-O groups (28). Figure 2 shows the tensile stress-strain behaviour of the tea tree fibre-reinforced TS composites (TS, TTL/TS, TTB/ TS and TTT/TS). The deformation behaviour of the composites can be understood through the tensile stress-strain curve. It was found that all types of composites have a brittle nature owing to the linear increase in tensile stress at low strain rates followed by the drastic decrease shown in the tensile stress-strain curve. Figure 2 also shows that TTB/TS exhibited a higher stiffness compared to the other composites as determined from the slope of the stressstrain curve. Table 2 shows the starch-based film composites collected from the literature. The tensile strength, elongation
Mechanical properties
The density ( ρ) of the tea tree fibres was determined using a specific gravity bottle and water as the liquid. Initially, the fibres were weighed (m) before being immersed in water. The amount of water changes before and after immersion was recorded.
For the density ( ρ) of the composites, it was measured directly from the composite itself. The average of 10 samples was calculated.
Water absorption testing
Prior to the water absorption measurements, the samples were dried at 80°C until they reached a constant weight. Ten samples of each type of composites were soaked in water for 24 h. The average value of the final weight was taken. Weight gain (WG) was calculated using the following equations:
where W 1 is the initial weight (g) before soaking in water and W 2 is the final weight (g) after soaking to water.
Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy was used in order to detect the presence of the functional groups in the composites. The spectra of the composites were obtained using an IR spectrometer (Perkin-Elmer Spectrum 100). About 2 mg of the sample was pressed into a disc of about 1 mm thick. The FTIR spectra of the sample were collected in the range of 4000-600 cm -1 .
Scanning electron microscopy
A scanning electron microscope (Zeiss EVO-MA) with an operating voltage of 0.3-30 kV was used to obtain scanning electron micrographs from the fractured tensile test samples of the composites to evaluate the homogeneous distribution of the fibres and the matrix and the adhesion between them.
3 Results and discussion
Chemical composition of the tea tree fibre
From Table 1 , it can be seen that TTT has the highest cellulose content compared to the other fib res, followed The elongation at break of the TS composites in this study is close to that of Arismendi et al. (11) and Versino and García (14) (3% w/w starch+25% w/w glycerol). Dieulot and Skurtys (30) reported from their literature review that the strain at break is in the range of 1-150%. In terms of Young's modulus, the TS composites in this study are stiffer than the composites in Espinel Villacrés et al. (13) . For a better understanding of the effects of tea tree fibre reinforcement in TS composites, we compared the TS composites with other tea tree fibre-reinforced TS composites. Figure 3 shows the tensile strength of tea tree fibre-reinforced TS composites. The figure shows that TTT/TS had the highest tensile strength, followed by TTB/TS, TTL/TS and TS. The addition of 5% (v/v) tea tree fibre as a filler improved the tensile strength, with 34.39% for TTL/TS, 82.80% for TTB/TS and 203.18% for TTT/TS. The trend can be correlated to the amount of cellulose, where it was highest in TTT, followed by TTB and TTL (Table 1 ). The work of Habibi et al. (34) supports the trend in that the mechanical properties are strongly influenced by the cellulose content of the fibres. Strengthening mechanisms were associated with the ability of the fibres to form a network structure with the matrix and were attributed to the high contact surface area of the smaller fibres (35) . Tea tree fibres are believed to work as a carrier of load in the starch matrix. The stronger bonding between matrix and fibres leads to enhanced interfacial adhesion between them, thus resulting in a great transfer of stress from the matrix to the tea tree fibres during the tensile test (6) . The mechanical properties of the composites also depend on the dispersion of the fibres in the starch matrix, whereby if the fibres are equally dispersed in the matrix, the stress can be transferred equally to the whole composites and vice versa. This fact also explains why different composite materials demonstrate different mechanical properties. This is evident in the scanning electron micrographs of the composites in Figure 4 . Figure 5 shows the elongation at break of the composites. High values of elongation at break indicate high ductility of the materials. It was observed that TS gave the highest value of elongation at break, followed by TTT/TS, TTB/TS and TTL/TS. By the addition of 5% (v/v) tea tree fibre, the ductility of the TS plastic decreased by 18.23% in TTT/TS, 58.35% in TTB/TS and 59.27% in TTL/TS, respectively. This might be due to the cellulose content in the composites, which reduced the elasticity and ductility of the materials by giving them mechanical strengths. Wicaksono et al. (12) reported that the reduction in elongation at break is caused by the restriction of the molecular mobility of the polymer chains due to the addition of the fibres. The interaction between starch chains and cellulose fibres can interfere with the interactions between starch chains and water, thus making the film more rigid, which reduces its flexibility (12) . Figure 6 shows the tensile modulus or Young's modulus of the composites. The slope of the graph of the tensile strength vs. elongation at break gives the tensile modulus. The tensile modulus indicates the relative stiffness property of a material (4, 36), i.e. the ability of a material to resist deformation in tension. The tensile modulus is higher for stiffer materials (4, 37) . TTB/TS had the highest stiffness followed by TTT/TS, TTL/TS and TS, respectively ( Figure 6 ). With the addition of 5% (v/v) tea tree fibre as a filler, the Young's modulus of TS improved by 350% for TTB/TS, 282% for TTT/TS and 220% for TTL/TS.
With the addition of tea tree fibres, the mechanical properties were improved compared to TS even though the quantity was only 5% (v/v). Figure 4A is the TS plastic surface of the fractured part after the tensile test was done. Figure 4B is the TTL/TS composite. It can be clearly seen in the figure that the TTL fibre is embedded in the TS matrix, although voids still exist. The voids in the matrix will loosen the fibre-starch bond, and thus the stress cannot be transferred effectively to the whole composite. This explains why TTL/TS exhibited a lower tensile cellulose and lignin. Generally, the thermal decomposition of these fibres consists of four phases: decomposition of hemicellulose, cellulose, lignin and ash (43, 44) . The mass loss below 290°C indicates the vaporisation of glycerol, as the boiling point of pure glycerol is 290°C (45) . The large degradation at 310°C shows the further elimination of the polyhydroxyl groups, accompanied by depolymerisation and decomposition in starch (46) . A carbonaceous (substance rich in carbon) residue remains after all the volatile products have been driven out (47). Sahari et al. (6) reported that the component left after lignin has been completely decomposed is inorganic materials in the fibre, which can be assumed as ash content, and it can be completely decomposed at very high temperature of up to 1723°C. As seen in Figure 7 , at almost 690°C, the lignin and ash content of TS, TTL/TS, TTB/TS and TTT/TS were 6.1%, 9.4%, 6.9% and 7.3%, respectively. These results prove that tea tree fibres increase the thermal stability of composites. Table 2 shows the density of the tea tree fibres. According to the method, the volume of water dispersed after the fibres have been immersed in water is equivalent to the volume of the fibres, which we put in the formula to get the density of the fibres. It was observed that TTL had the highest density, followed by TTB and TTT. Meanwhile, Table 3 shows the density of the composites. This matches with the density of the corresponding fibres. The density of composites depends on the dispersion of fibres in the matrix. If the dispersion of fibres is good and they are properly embedded in the matrix with no voids and tight packing, then the composites will show higher density owing to the decreased volume. As such, this packed matrix also gives higher mechanical strengths to the composites. strength compared to TTB/TS and TTT/TS, yet was still higher than that of TS. Figure 4C is the TTB/TS composite, where the TTB fibre adheres to the matrix very well. Figure 4D is the TTT/TS composite, where the TTT fibre is tightly bound to the matrix. This explains why TTT/TS exhibited the highest tensile strength as the bond between the fibres and the starch was strong. The mechanical properties can be improved further by changing the composite preparation procedure, such as using the vacuum process to avoid air bubbles, as the casting method could provide inhomogeneity in fibre distribution (12) . As suggested by Oksman et al. (38) , the poor dispersion of fibres in the matrix prevents them from performing their mechanical behaviour effectively. Humidity is one of the most important factors affecting the mechanical properties of thermoplastic starch. For example, the mechanical strength of starch composites can reach 20 MPa in 0% relative humidity (RH); however, at high moisture conditions, the tensile strength may be below 1 MPa due to water plasticisation (39, 40) .
Physical properties 3.5.1 Density and thickness of composite
Thermogravimetric analysis
Thermogravimetric analysis is one of the thermal analysis techniques used for measuring the mass change, thermal decomposition and thermal stability of materials. Figure 7 shows the thermogravimetric curve of the composites. The mass loss behaviour was similar for all composites. The molecular structure of the composites was degraded when heated. The first mass loss in the range of 31-100°C may be due to water loss (41) . According to Mohanty et al. (42) , the mass loss between 150°C and 380°C in tea tree fibrereinforced TS composites is due to the decomposition of the three major constituents of natural fibres: hemicellulose, Table 3 shows the thickness of the composites. It can be seen in the table that all composites are thicker than TS, which has a thickness of 1.47 mm (±0.06). TTL/TS is the thickest, followed by TTT/TS and TTB/TS. In this study, we prepared the composites by using volume over volume (v/v) ratio, so we expected to get the same desired final volume for all composites. We also expected to obtain the same final volume for the mould. However, since we used a casting method and drying under room temperature, it was hard to control the desired volume as evaporation of water from the composites occurred. Table 3 shows the water absorption of all composites. TS absorbed water the most, followed by TTL/TS, TTB/TS and TTT/TS, respectively. The results of the water absorption were closely related to the thickness swelling of the composites. As shown in the table, the pattern of the thickness swelling of the composite graph is similar to water absorption, where TS swelled most, followed by TTL/TS, TTB/TS and TTT/TS, respectively. From these results, it can be seen that, with the addition of fibres, even at just 5% (v/v), the water absorption and swelling of composites decreased. This is due to the hydrophobic nature of tea tree fibres compared to starch matrix (7). Ma et al. (48) claimed that starch is a multi-hydroxyl polymer with three hydroxyl groups per monomer. The decrease in water absorption after tea tree fibres were introduced indicates that these fibres are a better water-resistant material than starch matrix TS. This may also be due to the interfacial bonding between the matrix and the fibres as well as to the hindrance in absorption caused by the fibres (7) . These criteria demonstrate the high potential of these tea tree fibre-reinforced composites as a packaging material in the industry. In addition, the characteristics of the product to be packaged and the packaging requirements should also be taken into consideration (15).
Water absorption and thickness swelling of the composites
Conclusion
The fabrication and characterisation of tea tree fibre-reinforced TS composites were successfully done. All composites showed superior mechanical properties in comparison to TS. The addition of 5% (v/v) tea tree fibres as a filler to TS led to the improvement in Young's modulus by 350% for TTB/TS, 282% for TTT/TS and 220% for TTL/TS. The mechanical properties are related to the cellulose content. Scanning electron microscopy showed a good dispersion of the tea tree fibre in the matrix. Also, the addition of the fibres decreased the water absorption and thickness swelling compared to TS composites. Fourier transform infrared spectroscopy, as well as thermogravimetric analysis, showed a similar pattern for all composites. Most importantly, the tea tree fibre-reinforced TS composites are better than the TS composites in all aspects. Hence, all parts of the tea tree waste, namely, the tea tree leaf, tea tree branch and tea tree trunk, can act as a reinforcement or a filler in the development of green biocomposites. This provides a better option to the industry in making green and renewable biocomposites.
